Introduction
============

Due to the increased use of nanomaterials in consumer products, investigations into their safety and potential risks are key tasks.[@cit1] Despite interspecies variations,[@cit2]--[@cit4] understanding any potential implications of nanoparticles (NPs) to human health are normally conducted in animal models.[@cit5]--[@cit13] However, based on the 3R (refine, reduce and replace) principle, the development of alternative testing methods is an important task.[@cit14] For this, *in vitro* models can be helpful to answer mechanistic issues like *e.g.* cellular uptake[@cit15] or genotoxicity.[@cit16] Due to their small diameter NPs deposit deep into the lung.[@cit17] Therefore, NPs are mainly taken up *via* inhalation[@cit18] followed by a presumed deposition in the lower regions of the lung. Here, they come in contact with bronchial epithelia cells and pneumocyte type I & II cells. There are several human *in vitro* systems reported to assess adverse effects of NP cell-interactions in the lung. This includes bronchial cell lines, alveolar cell lines, different co-culture models as well as 3D models.[@cit15],[@cit19]--[@cit24] For instance, an increased oxidative stress and apoptosis of BEAS-2B cells after cerium dioxide (CeO~2~) NPs exposure has been previously reported.[@cit25] Another group used the BEAS-2B cells line as well as the bronchial 3D system MucilAir™ to investigate the toxicity of CeO~2~ NPs. They found that the 3D model is more resistant to oxidative stress and DNA damage than simple cell cultures.[@cit23] In contrast, there are also reports demonstrating protective functions of CeO~2~ NPs which could be attributed to their antioxidant properties as studied in details in many published work.[@cit14],[@cit26]--[@cit29] For the alveolar region, A549 is the most frequently used cell line to study particle cell interactions. These cells are used either as a single monolayer or as co-culture in combination with other cell lines. For example, cytotoxicity of gold NPs in A549 cells was recently reported by inducing cell cycle arrest, oxidative stress and apoptosis.[@cit30] A549 cells were also used to determine the toxicity of copper oxide NPs,[@cit31] CeO~2~ NPs[@cit21] and zinc oxide (ZnO) NPs.[@cit32] In addition to single cell lines that allow investigation of mechanistic aspects only, there are approaches to improve the used cell models to closely mimic the *in vivo* situation by using more sophisticated cell models such as co-cultures or 3D cell models. *E.g.* a co-culture system of A549, alveolar macrophages and dendritic cells was used to investigate the uptake of polystyrene particles. Most of the particles were found in macrophages but A549 and dendritic cells were also able to take up polystyrene particles.[@cit33] Another conducted study even went one step further and developed a 3D co-culture model composed of A549, THP-1, mast cells (HMC-1) and endothelia cells (EA·hy 926). This tetraculture model was subsequently exposed to 50 nm SiO~2~ rhodamin labeled NPs. SiO~2~ NPs were only found in the macrophage like THP-1 cell line but not in A549 cells.[@cit34] Despite the improved complexity of these models, a decisive disadvantage about barrier function still remains. The epithelial cells used in all alveolar models were A549 cells, a cell line which do not possess an intact barrier function.[@cit35]--[@cit37] Thus, they are not fully suited for studying the translocation of NPs. The NP translocation from the lung to secondary organs and tissues was previously described in the literature.[@cit11],[@cit18],[@cit38] There are hints that NPs reach extrapulmonary structures *via* the blood stream circulation.[@cit13],[@cit39] In 2006 rats were exposed to gold NPs. An uptake into epithelia cells and a translocation into the circulation occurred. However, an uptake by the endothelium has not been reported.[@cit40] This raises the question how the NPs reached the blood stream. A translocation of NPs loaded macrophages into the lymph nodes was recently shown which could be one further mechanism.[@cit8],[@cit41] In 2010 real-time intraoperative near-infrared fluorescence imaging was used to show that both mechanisms mentioned above may take place simultaneously.[@cit42] However, the exact mechanism is not yet fully understood and subject of current research. Human alveolar *in vitro* models with intact barrier function would allow a closer estimation of the *in vivo* situation in terms of translocation of NPs. Hence, the aim of this work is to determine a cell model that reflects the *in vivo* situation more realistic than current used models and allows studying the translocation of NP under more realistic conditions. For this purpose, we investigated the recently developed human alveolar type I cell line CI-hAELVi (human Alveolar Epithelial Lentivirus immortalized) hereinafter stated as hAELVi.[@cit43] hAELVi cells were characterized regarding their barrier function and the influence of CeO~2~ NPs and ZnO NPs. Furthermore, the recently developed airway epithelia cell line CI-huAEC (human Airway Epithelial Cells),[@cit44] a model of the lower respiratory tract, was examined for the same endpoints. The CI-huAEC cell line is hereinafter stated as huAEC. In addition, we evaluated the alveolar 3D model EpiAlveolar in terms of barrier function. The obtained data were compared to results achieved with A549 cells.

Experimental
============

Cell culture
------------

A549 cells (ATCC cat. no.: CCL-185) were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum (FCS) (PAN-Biotech GmbH, Germany), 1% penicillin/streptomycin (PAN-Biotech GmbH, Germany) and 1% [l]{.smallcaps}-glutamine (PAN-Biotech GmbH, Germany). Cells were passaged two times per week.

CI-hAELVi (cat. no.: INS-CI-1015) and CI-huAEC (cat. no.: INS-CI-1011) cells were purchased from InSCREENeX GmbH (InSCREENeX GmbH, Germany). Both cell lines were cultured in CI-huAEC media supplemented with 1% penicillin/streptomycin (PAN-Biotech GmbH, Germany) and the CI-huAEC basal supplement provided by the manufacture (InSCREENeX GmbH, Germany). Cells were passaged two times per week.

### EpiAlveolar

EpiAlveolar is a three dimensional human alveolar model and consists of lung epithelia cells, fibroblasts and endothelia cells.[@cit45] EpiAlveolar was purchased from MatTek (MatTek Corporation, USA). Cultivation was conducted in accordance to the manufacturer\'s protocol. The medium was supplemented with 1% penicillin/streptomycin (PAN-Biotech GmbH, Germany).

### Air--liquid cultivation

For trans-epithelial electrical resistance measurements, cells were seeded on transwell membranes and cultured for two days in submerse culture conditions (cat. no. 353180, Coring B.V., Netherland; 0.4 μm pore size, 1.12 cm^2^) prior transferring them to the air--liquid phase. Therefore, the apical medium was removed and cells were washed once with PBS. Basal medium was changed every two days.

Trans-epithelial electrical resistance (TEER)
---------------------------------------------

To determine the barrier properties of all lung models we conducted TEER measurements. Cell lines were seeded onto transwell membranes and cultured for two days under submerse conditions. Subsequently, the cells were divided in two groups and cultured for further 15 days: five membranes were further cultivated under submerge conditions (LL = liquid--liquid), six under air--liquid conditions (ALI). One insert without cells was used as background control. The background control was subtracted from the measured data. TEER measurements were performed each day with a Millicell-ERS system (Merk, Darmstadt, Germany) (STX2 electrode). Before measuring, cells were washed once with PBS. 1 ml fresh medium was added into the apical compartment and the cells were placed in the incubator for 1 h before measuring. In order to prevent the electrode being in contact with the plate wall, the membranes were transferred into a 6 well plate before starting the measurement. The 6-well plate was filled with 5 ml PBS per well. After measuring, apical medium was removed from ALI cultured inserts. The basolateral medium was changed every two days. For huAEC and hAELVi cells, membranes were coated with huAEC coating solution three hours before seeding. For A549, medium was added in the apical part of the membranes three hours before seeding. For EpiAlveolar, TEER measurement was performed as mentioned above. Due to the shortened life span of EpiAlveolar, TEER was only monitored for eight days.

ZO-1 staining
-------------

For the optical characterization of tight junctions cells were grown on microscopic dishes (cat. no. D35-20-1-N, IBL Baustoff + Labor GmbH, Austria) or on transwell membranes (cat. no. 353180, Coring B.V., Netherland; 0.4 μm pore size). Seeding density was 50 000 cells. ZO-1 staining was performed after 14 days as described below. Cells were washed three times with PBS and fixed with 4% paraformaldehyde for 15 minutes at room temperature (RT). Afterwards, the samples were permeabilized with 0.2% Triton X-100 (Merck, KGaA, Darmstadt, Germany) for 10 minutes at RT. Subsequently, a blocking step with PBS containing 10% FCS was performed. The primary anti-ZO-1 antibody (cat. no. 402200, Fisher Scientific, Germany) was diluted 1 : 200 in PBS containing 1% FCS and incubated at 4 °C overnight. The secondary antibody (rabbit IgG, Alexa 488, cat. no. A-11034, Fisher Scientific, Germany) was diluted 1 : 400 in PBS containing 1% FCS and incubated for 1 h at RT. Then cells were washed with PBS three times and counterstained with Hoechst or DAPI (1 μg ml^--1^). Samples were analyzed by a confocal laser scanning microscopy (LSM 700, Zeiss).

Growth curve and population doubling time
-----------------------------------------

To assess the growth behavior of the different lung cells, 50 000 cells per well were seeded into a 6 well plate. Cells were harvested by trypsinization and counted in a haemocytometer by trypan blue dye exclusion after 24 h, 48 h, 72 h and 96 h. For each time point three wells were counted. The population doubling (PDT) time was determined based on the following equation:PDT = *t*/((Log (C1) -- Log(C2)/Log(2))

With PDT = population doubling time (h), *t* = time point of harvesting (h), Log = 10 based Log, C1 = 1 cell number counted at harvesting time point, C2 = cell number initially seeded. PDT was calculated from the exponential growth phase (harvesting time points: 48, 72 and 96 h).

Particle characterization
-------------------------

### Transmission electron microscope (TEM)

*In situ* TEM observation of NPs was performed by a JEM-2100HR transmission electron microscopy (JEOL, Japan) operated at 100 kV equipped with an energy-dispersive X-ray (EDX) spectrum. For TEM analysis, the sample solution was drop coated on TEM copper grids (Agar Scientific, United Kingdom) from a 10 μg ml^--1^ particle solution and allowed to dry overnight under RT.

### Dynamic light scattering (DLS)/zeta potential

Determination of the hydrodynamic diameter and the zeta potential were performed with a Zetasizer Nano ZS from Malvern (Malvern Inc., UK) in MilliQ water and in both cell culture media. For analysis, particle concentration for both materials was set to 50 μg ml^--1^.

### Nanoparticle tracking analysis (NTA)

NTA was performed with a NanoSight LM20 (NanoSight, Amesbury, UK), equipped with a 632 nm laser, in MilliQ water and in both cell culture media. For analysis, particle concentration was set to 250 ng ml^--1^ and 10 μg ml^--1^ for CeO~2~ and ZnO NPs, respectively. All measurements were performed at RT. The software used for recording and analyzing the data was NTA 2.3. All samples were measured for 60 seconds at five positions.

Particle toxicity
-----------------

CeO~2~ NPs (NM-212) was chosen as a well characterized granular biopersistent particle (GBP).[@cit46] As zinc oxide is known as cytotoxic, it was chosen as positive particle control as well as soluble particle model. To determine adverse effects after submerged NP exposure, A549, huAEC and hAELVi cells were exposed to CeO~2~ NPs and ZnO NPs for 24 h. CeO~2~ NPs (JRC) and ZnO NPs were weighed and the particles were dispersed in MilliQ water to a final stock concentration of 2.5 mg ml^--1^. Subsequently, the particle dispersion was sonicated for 5 minutes and 9 seconds (Sonoplus HD 220/UW 2200, Bandelin, Germany) to avoid particle aggregation. For all experiments, particles were freshly prepared. For cell exposure, particles were diluted in media to reach the final concentration. After exposure, cell viability, cytotoxicity and ROS production was determined using a WST-1 (water soluble tetrazolium-1), a lactatdehydrogenase (LDH) assay and a 2′,7′-dichlorofluorescin diacetate (DCFDA) assay, respectively.

### Cell viability

After particle exposure, the supernatant was transferred in a new 96 well plate and subsequently used for LDH analysis (see below). Cells were rinsed with PBS and fresh medium containing 10% WST-1 reagent (Roche Diagnostics GmbH, Germany) was added into the well (100 μl). After 1 h incubation at 37 °C, 90 μl was transferred in a new 96 well plate and the absorbance was measured with a Tecan plate reader using wavelengths of 450 nm and 562 nm (reference wavelength). Six technical replicates were performed.

### Cytotoxicity

After particle exposure a LDH assay was conducted to check for membrane damage after particle exposure. The assay was performed according to the manufactures instructions (Roche Diagnostics GmbH, Germany). In brief, LDH reagent was added to the supernatant and incubated for 15 minutes in dark at RT. Afterwards the absorbance was measured with a Tecan plate reader at 450 nm. Six technical replicates were performed.

### Reactive oxygen species

The level of intracellular reactive oxygen species (ROS) generation was determined by using a DCFDA assay. After particle exposure, the cells were rinsed with PBS and DCFDA (80 μM in Medium) (Merck KGaA, Darmstadt, Germany) was added to the cells and incubated for 45 minutes at 37 °C. Afterwards, DCFDA was aspirated and the cells were rinsed again once with PBS. New medium and the positive control (*tert*-butyl hydroperoxide (TBHP 1/20 000 from stock solution), Merck KGaA, Darmstadt, Germany) was added to the cells and further incubated for 2 h. Subsequently, DCFDA fluorescence intensity was measured within a plate reader (Biotek Synergy™ HTX multi detection reader, BioTek Instruments, Inc., Winooski, USA) at excitation and emission wavelengths of 485 and 528 nm, respectively. Three technical replicates were performed.

Statistical analysis
--------------------

Data are shown as mean ± standard deviation. If not stated otherwise data represents three independent experiments. For statistical analysis a Mann--Whitney-*U*-Test was performed using Origin 9.1 software. \**P* \> 0.05 was considered as significant; \*\**P* \> 0.01; \*\*\**P* \> 0.001.

Results and discussion
======================

Most studies investigating the interactions of NPs and airway epithelia were carried out with bronchial and alveolar cells.[@cit5],[@cit20],[@cit22],[@cit23],[@cit35],[@cit47],[@cit48] Unfortunately, the most commonly used alveolar model, the A549 cell line, possess a carcinogenic phenotype[@cit49] and lacks in a proper barrier function.[@cit35]--[@cit37] Due to the regulation of paracellular substance transport, the barrier function is important for the systemic distribution of inhaled NPs.[@cit50] Therefore, we investigated the recently developed cell line hAELVi, a model for type I pneumocytes,[@cit43] as well as the new developed bronchial cell line huAEC[@cit44] in respect of their capability to form an intact and functional cell--cell-barrier. In addition, we also analyzed the more complex 3D human alveolar model EpiAlveolar in respect of ongoing experiments regarding particle uptake and location/translocation. All received data were compared to the frequently used alveolar cell line A549.

Particle characterization
-------------------------

Compared to the widely used NANOGENOTOX protocol, we slightly modified the particle generation procedure (no bovine serum albumin, 10 ml dispersion volume instead of 6 ml and final concentration of 2.5 mg ml^--1^ instead of 2.56 mg ml^--1^). Therefore, the NPs were again thoroughly characterized.[@cit51] The particle size of CeO~2~ and ZnO NPs were characterized using TEM, NTA and DLS measurements. In addition the zeta potential was determined. Particle size distributions can be found in ESI.[†](#fn1){ref-type="fn"} As shown in [Table 1](#tab1){ref-type="table"}, both particle types exhibit a comparable size and zeta potential. As depicted in [Fig. 1](#fig1){ref-type="fig"}, ZnO particles were spherical whereas CeO~2~ particles displayed a rather platelet shape. Furthermore, CeO~2~ NPs showed strong agglomeration behavior compared to ZnO NPs. DLS and NTA were used to determine the hydrodynamic diameter of both materials. For CeO~2~ NPs DLS revealed a slightly higher hydrodynamic diameter as NTA. This is mainly due to the fact that during the DLS measurements large particles contribute more to the diameter determination as NTA analysis. Nevertheless, our DLS results are consistent with data published by the manufacture JRC.[@cit52] For ZnO NPs, DLS and NTA analysis displayed a similar size of about 250 nm. Electron microscopy analysis revealed no agglomeration for ZnO NPs whereas CeO~2~ NPs showed a strong agglomeration behavior. Taken this into account, this explains the differences between the DLS and NTA data for CeO~2~ NPs.

![NP characterization: Representative TEM pictures of CeO~2~ (left) and ZnO (right) NPs. ZnO NPs show a spherical morphology and less agglomeration whereas CeO~2~ NPs were more clustered and displayed a rather platelet like shape.](c9tx00179d-f1){#fig1}

###### NPs characterization of CeO~2~ and ZnO

                     NTA \[nm\]     DLS \[nm\]       Zeta potential \[mV\]
  ------------------ -------------- ---------------- -----------------------
  CeO~2~ in MilliQ   164.1 ± 33.4   212.9 ± 20.6     22.6 ± 0.9
  ZnO in MilliQ      265.6 ± 78.7   244.5 ± 4.6      25.5 ± 1.6
  CeO~2~ in DMEM     86.0 ± 43.7    1550.8 ± 157.1   --11.3 ± 0.8
  ZnO in DMEM        227.9 ± 41.8   189.6 ± 10.3     --10.8 ± 0.6
  CeO~2~ in huAEC    146.5 ± 72.4   2159.7 ± 104.5   --10.8 ± 0.7
  ZnO in huAEC       231.3 ± 57.0   337.1 ± 28.7     --9.5. ± 0.7

Characterization of lung cells: growth behavior
-----------------------------------------------

A549 cells are a well-established cell line in particle toxicity studies, whereas hAELVi and huAEC are relatively new cell lines. To the best of our knowledge, there are no data for huAEC cells published so far except the technique used to create them.[@cit44] Therefore, we firstly investigated the growth behavior of the different cell lines to basically understand their growth behavior. [Fig. 2](#fig2){ref-type="fig"} illustrates the growth curve of all lung epithelia cell lines we used. As expected, all of them showed an exponential growth pattern.[@cit43],[@cit53] The population doubling time for all cell lines was 28 hours and is in accordance with previous A549 studies[@cit53],[@cit54] indicating a similar growth behavior than standard cell lines used in this field.

![Characterization of growth behavior: Growth curves of A549, hAELVi and huAEC cells show similar growth behavior for all cell types.](c9tx00179d-f2){#fig2}

Characterization of barrier function: transepithelial resistance measurement and tight junction staining
--------------------------------------------------------------------------------------------------------

To characterize the barrier function of the different lung epithelia models, we performed TEER measurements and immunohistochemical analysis of the tight junction protein zonula occludens-1 (ZO-1).[@cit55] Air--liquid cultivation resembles the *in vivo* situation closer than standard liquid--liquid cultivation.[@cit56] Therefore, daily TEER experiments were performed under both culture conditions. As shown in [Fig. 3](#fig3){ref-type="fig"} A hAELVi cells reached stable TEER values of about 1200--1500 Ω cm^2^. A549 showed no barrier formation with resistance values between 30--50 Ω cm^2^ which was expected as this cell line is known to lack functional tight junctions.[@cit35]--[@cit37] TEER data of the novel cell lines revealed a distinct difference between huAEC and hAELVi. hAELVi cells evolved a resistance of about 1500 Ω cm^2^ which is slightly less as previously described.[@cit43] This might be due to the fact that Kuehn and co-workers used corning transwell membranes and SAGM medium instead of huAEC medium and falcon transwell membranes.[@cit36],[@cit43] In contrast to hAELVi cells, huAEC cells reached TEER values up to 3000--7000 Ω cm^2^, dependent on the culture conditions. An influence of the culture conditions on the barrier function of hAELVi and A549 cells was not observed. Notably, huAEC cells developed barrier properties two fold higher in submerged culture compared with air--liquid interface, which we assume on account of enormous nutrient resource available in submerged culture.[@cit57] Aside from the differences in the resistance values, the time to achieve high TEER values was also different between huAEC and hAELVi. For huAEC cells a strong barrier formation was detected at about day six to day eight, whereas hAELVi cell starts do display a tight barrier at about day 12. This is in consistent with the findings from Kuehn *et al.*[@cit43] where hAELVi cells start to develop TEER values of approximately 1000 Ω cm^2^ at day 12. While performing manually TEER measurements with an EVOM the position of the electrode is of crucial importance for the resistance value. This is one reason which may explain the large standard deviation for all cell lines achieved in our experiments. A study recently reported a lung on the chip system with integrated electrodes to investigate the resistance of primary humane airway epithelia cells for more than 60 days.[@cit58] Using such devices might help to overcome such kind of handling issues. Furthermore with a chip design a direct influence of NPs on the barrier function could be studied over a long period of time. In addition to the 2D models the 3D model EpiAlveolar was analyzed over eight days ([Fig. 3B](#fig3){ref-type="fig"}). During this time, a strong increase in TEER data was observed during the first two days. Subsequently, a daily decrease in TEER values was seen. This behavior fits with the short life span of primary cells.[@cit43] The achieved standard deviation was clearly smaller compared with the cell lines, which suggests good cell homogeneity in the model. Taken together, the measured TEER values of the new developed models are similar to primary bronchial and primary alveolar cells.[@cit36] Thus, hAELVi, huAEC as well as EpiAlveolar resembles the *in vivo* situation vastly better than the common used A549 cell line regarding a functional cell barrier as well as a potential *in vitro* model to investigate particle translocation. hAELVi cells are known to express the tight junction protein ZO-1.[@cit43],[@cit59] Due to the minimal amount of data about hAELVi, we decided to characterize them again in terms of growth and cell--cell-connections. Immunohistochemical staining of the tight junction protein ZO-1 was performed after 14 days. For huAEC cells there were no data reported so far about the barrier formation (TEER and tight junctions). To close this gap we analyzed huAEC cells concerning their barrier properties. As indicated on the TEER values we expected a ZO-1 expression in this cell line as well. hAELVi and huAEC cells developed a complete tight junction network (see [Fig. 4](#fig4){ref-type="fig"}). As already shown in the TEER data above, our immunofluorescence staining of ZO-1 confirmed the data of Kuehn *et al.*[@cit43] ZO-1 staining for A549 cells as comparison was negative as diffused signal can be viewed in [Fig. 4](#fig4){ref-type="fig"} and verified the absence of a barrier function in this cell line as it was found in the resistance measurement which is in agreement with the literature.[@cit35]--[@cit37] Unfortunately, direct ZO-1 staining of EpiAlveolar was not successful due to strong backscattering from the membrane. However the exact mechanism of particle translocation is still not fully understand. In 2005 a possible mechanism was published by Rothen-Rutishauser and colleagues.[@cit33] The authors exposed a co-culture model of A549 cells, macrophages and dendritic to polystyrene particles. The particles were added on top of the cell model without having contact to the dendritic cell layer. Particle localization revealed an uptake in all cell types, even in dendritic cells which have never been in direct contact to the particles. Further investigations showed particle localization in the pseudopods of the A549 cells. This might suggests a particle transfer between A549 and dendritic cells *via* the pseudopodia as possible translocation mechanism *in vitro*.[@cit33] Nevertheless other mechanisms, for example an influence on the tight junction formation are also conceivable, as has been recently reported for some materials *e.g.* CeO~2~ [@cit60] or multi-walled carbon nanotubes.[@cit48] Despite the increased permeability, a cytotoxic effect has not been observed for these materials.[@cit48],[@cit60] This suggests that the absence of cytotoxicity is not an indication of an intact barrier function. In respect to particle translocation and a possible altered permeability, we next stained huAEC cells for ZO-1 expression in routine culture exposed to CeO~2~ and ZnO NPs, under LL and ALI to ensure no damage on the tight junctions during particle exposure. As shown in [Fig. 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}, we did not observe any significant change in ZO-1 expression profile irrespective of exposure conditions. This means that the exposure conditions we used did not lead to an alteration of the tight junction barrier.

![Barrier function assessment of different lung epithelia cells *via* TEER measurement. (A) Evolution of TEER has been measured under liquid--liquid (LL) and air liquid (ALI) conditions in different cell models; *n* = 3. (B) Barrier function in the 3D model EpiAlveolar, *n* = 1 with 3 technical replicates. Data are shown as mean ± SD.](c9tx00179d-f3){#fig3}

![Representative images of ZO-1 staining of lung cells after 14 days in culture. The first line represents nuclei staining in blue, 2^nd^ line shows the tight junction protein ZO-1 in green and 3^rd^ line displays the overlay of ZO-1 and nuclei.](c9tx00179d-f4){#fig4}

![Tight junction staining reveals no major effect of NPs exposure at submerged conditions to huAEC cells. The control group shown in upper row contains the overlay image of fluorescently labelled tight junction protein ZO-1 in green and nuclei in blue (DAPI) as first image, 2^nd^ and 3^rd^ images show ZO-1 and nuclei staining respectively. The middle row displays the overlay of ZO-1 in green and nuclei in blue after 24 h exposure to 1 μg ml^--1^ CeO~2~ NPs as first image, 2^nd^ and 3^rd^ images show ZO-1 and nuclei staining respectively. The lower row shows the overlay of ZO-1 in green and nuclei in blue after 24 h exposure to 1 μg ml^--1^ ZnO NPs as first image, 2^nd^ and 3^rd^ images show ZO-1 and nuclei staining respectively.](c9tx00179d-f5){#fig5}

![Tight junction staining reveals no major effect of NPs exposure at liquid--liquid-interface (ALI) to huAEC cells The control group shown in upper row contains the overlay image of fluorescently labelled tight junction protein ZO-1 in green and nuclei in blue (DAPI) as first image, 2^nd^ and 3^rd^ images show ZO-1 and nuclei staining respectively. The middle row displays the overlay of ZO-1 in green and nuclei in blue after 24 h exposure to 1 μg ml^--1^ CeO~2~ NPs as first image, 2^nd^ and 3^rd^ images show ZO-1 and nuclei staining respectively. The lower row shows the overlay of ZO-1 in green and nuclei in blue after 24 h exposure to 1 μg ml^--1^ ZnO NPs as first image, 2^nd^ and 3^rd^ images show ZO-1 and nuclei staining respectively.](c9tx00179d-f6){#fig6}

This allows for future investigations to deepen the understanding of the exact mechanism of particle translocation. Taken together, all new developed cell models we investigated showed a distinct barrier formation. Therefore, all examined models exhibit the potential to examine NP translocation *in vitro* more realistically than current models.

Particle toxicity and metabolic activity analysis
-------------------------------------------------

After characterization of the barrier properties, submerged cells were exposed to CeO~2~ NPs and ZnO NPs. For both particles the influence on metabolic processes (WST-1) as well as the cytotoxicity (LDH) and the generation of ROS was investigated. As depicted in [Fig. 7](#fig7){ref-type="fig"}, CeO~2~ NPs showed no adverse effect, neither in metabolic activity, nor in cytotoxicity for all three cell lines. In addition ROS production after CeO~2~ NP exposure was either equal or slightly decreased compared to the control in all cell lines used. Ce is known to change its oxidation state.[@cit27]--[@cit29] Therefore, the decrease in ROS production could be due to the antioxidative properties of CeO~2~ as it is known for other cell types.[@cit26],[@cit28] Concerning the *in vitro* toxicity of CeO~2~ NPs, contradicting studies have been reported. For example, Sauer and colleagues examined the toxicity of CeO~2~ NPs to rat precision-cut lung slices. They reported no cytotoxicity between 10--100 μg ml^--1^. 1000 μg ml^--1^ was needed to reach a cytotoxic effect. Nevertheless, inflammation already occurred at 100 μg ml^--1^.[@cit61] Similar results were reported from another study where different CeO~2~ NPs were tested on several different cell lines in submerse conditions. In a concentration range of 0.1--10 μg cm^--2^ neither a cytotoxic effect nor cell death was seen but an increase in oxidative stress occurred.[@cit21] The generation of oxidative stress in BEAS-2B cells after CeO~2~ NP exposure was also described.[@cit19],[@cit25] Another study even revealed a protective function against oxidative stress of CeO~2~ NPs for A549 after 24 hours exposure[@cit62] which correlates with our findings ([Fig. 7](#fig7){ref-type="fig"}). These points to the fact that particle toxicity is cell type specific which was also reported by others.[@cit19],[@cit30],[@cit63],[@cit64] Despite the broad applied concentration range in our study, the absence of an adverse/toxic effect from CeO~2~ NPs exposure is not unexpected. Furthermore, our data are consistent with the findings of Shi *et al.* (2012) where the exposure of CeO~2~ NPs up to 200 μg ml^--1^ showed no cytotoxicity on epithelia cells.[@cit65] Zinc oxide NPs revealed a cytotoxicity at 10 μg ml^--1^ for all cells. For A549 cells a significant decrease in the metabolic activity was seen at 50 μg ml^--1^ whereas 10 μg ml^--1^ was sufficient to significantly decrease the metabolic activity of huAEC and hAELVi cells. Analysis of ROS production after ZnO exposure showed a strong decrease in ROS formation for hAELVi and huAEC cells at 10 μg ml^--1^. For A549 cells such a decrease in ROS formation could not be observed. This difference might be due to the above mentioned cell line depended toxicity which needs further investigations to make a final conclusion. In contrast to CeO~2~ NPs, ZnO NPs are known to be toxic to many different cell types as *e.g.* breast cancer cells[@cit65] fibroblasts[@cit66] and lung epithelia cells.[@cit67] In more sophisticated systems like precision-cut lung slices, ZnO NPs induced strong toxicity based on tissue destruction as early as 10 μg ml^--1^.[@cit61] Therefore, our data fit with the literature and confirms a cytotoxicity of ZnO NP also for the two new cell lines hAELVi and huAEC. However, if ZnO NPs show a toxic effect on cells an increase in ROS production should be expected. This was not the case in our study. We assume that the cytotoxicity and the decrease in metabolic activity at 10 μg ml^--1^ might lead to a decrease in DCFDA uptake. This could explain the low ROS detection which especially takes place at 10 μg ml^--1^ which is similar to the detected cytotoxicity level. To sum up, WST-1, LDH and ROS assay showed similar results for all cell lines which indicates that the new developed cell lines have a similar behavior under particle exposure as the frequently used A549 cells without the disadvantages such as a carcinogenic phenotype[@cit44],[@cit49] or the lack of a proper barrier function.[@cit35]--[@cit37] Therefore, they mimic the *in vivo* situation closer than previously used cell lines.

![Cytotoxicity, metabolic activity and ROS assay. Metabolic activity, LDH release and ROS generation after ZnO NP exposure (A--C) and CeO~2~ NP exposure (C--D) in different lung epithelia cells. *n* = 3. Data are shown as mean ± SD. \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \> 0.001 is compared to the respective control group.](c9tx00179d-f7){#fig7}

Model of choice
---------------

Here we reported several different lung epithelia models and showed their ability to form functional tight junction networks which is a prerequisite for a realistic *in vitro* model particularly when particle translocation is one of the challenged tasks. So, we were able to show that all new models tested here exhibit potential as pulmonary *in vitro* model to study NP cell interactions. After inhalation, most of the NPs deposit in the alveolar region.[@cit17],[@cit68] Here they come in contact with pneumocytes type I, pneumocytes type II and alveolar macrophages; where type I cells cover about 95% of the alveolar surface.[@cit69],[@cit70] Consequently, type I pneumocytes are the cell type which comes into the majority of contact with NPs after inhalation. Taking this into account, hAELVi are supposed to be the model of choice aside from primary cells as currently, they are the only model representing the type I human pneumocytes.[@cit43] The bronchial epithelium is covered with a mucus layer. This respiratory mucus can promote to an agglomeration of NPs.[@cit24] Since inhaled NPs follow the whole airway down to the alveolar region there is the possibility that some particles can deposit in the bronchial region. Thus, the huAEC cell line also represents a relevant model to study the toxicity of NPs. Moreover, huAEC cells reflect the human airway epithelium which enables microparticle studies with this cell line as well. Due to the fact that the culture conditions for huAEC and hAELVi cells are identical, further NP studies will include a co-culture model covering both cell types as well as the exposure of airborne NPs at the air--liquid interface with the aim to resemble the *in vivo* situation even closer.[@cit56] In addition, the combination with macrophages will further increase the complexity of these models to allow more accurate *in vitro* particle translocation studies. To ensure a better representation of the *in vivo* situation different 3D models have been developed to study NP cell interaction and toxicological behavior. For instance, for the bronchial 3D model MucilAir™ a higher toxicity of CeO~2~ NPs was reported compared to the bronchial cell line BEAS-2B in terms of oxidative stress and DNA damage.[@cit23] The group of Brandenburger and colleagues used a co-culture model consisting of A549 cells, human blood monocyte derived macrophages and dendritic cells to investigate the effects of gold NPs.[@cit15] Another group exposed A549 cells, BEAS-2B cells and the MucilAir™ model to CeO~2~ NPs. They also reported a lower toxicity for the 3D model compared to a cellular monolayer.[@cit24] In 2013, a tetraculture composed of A549, THP-1, HMC-1 and EA·hy 926 cells was developed to study the particle uptake of 50 nm SiO~2~ NPs. The authors found that a particle uptake by macrophages[@cit34] which is in contrast to the findings from another group where 1 μm polystyrene latex particles were found in A549 cells, macrophages and dendritic cells.[@cit33] To the best of our knowledge EpiAlveolar is the only commercial 3D human alveolar model so far that includes different cell types[@cit45] which is not based on A549 cells (see above). Therefore we performed preliminary experiments to determine the barrier function with this newly developed model. Investigations regarding particle uptake and translocation will be tasks in the future. Our results showed that EpiAlveolar evolves a transepithelial resistances corresponding to primary alveolar cells *in vivo*.

Conclusions
===========

Here we used the recently developed cell line hAELVi as an alveolar type I model[@cit43] to investigate the effect of CeO~2~ NPs and ZnO NPs. A549 cells were also exposed as they represent a human type II pneumocyte cell model. In addition, we examined the effect of these two nanomaterials on the novel developed airway epithelia cell line huAEC[@cit44] and characterized them for the first time regarding their barrier function and applicability as *in vitro* model for NP toxicity investigations. Cultivation of lung epithelia cells at the air--liquid interface resembles the *in vivo* situation closer as submerge conditions.[@cit56] Therefore, the barrier function was investigated under both conditions. Our data showed that both new cell lines evolve a proper tight junction network independent of if they are cultured under standard submerge conditions or at the air liquid interface. Submerged exposure to CeO~2~ NPs and ZnO NPs revealed a strong toxicity for ZnO at 10 μg ml^--1^ for huAEC and hAELVi cells where A549 were only significantly affected at 50 μg ml^--1^. CeO~2~ NPs showed no toxicity in any of cell lines used. These results indicate that both new cell lines respond similarly to NP exposure as the frequently used A549 cell line. The tight junctions were not affected by the NPs. As hAELVi and huAEC cells developed tight junctions under submerge and air--liquid culture conditions they can also be used to examine the effect of airborne NPs. Taken together, these two new cell lines behave similar like the A549 cell line which is the most frequently used cell line in terms of pulmonary toxicity testing of NPs. Moreover, they can be cultivated at the air--liquid interface without losing their barrier function which makes them interesting for the future and might be helpful for various issues such as particle translocation of airborne nanomaterials or the development of respirable drugs.
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